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(54) Improved power supply system for a packet-switched radio transmitter 



(57) An improved power supply system involves 
load-leveling the large transient currents drawn by a 
high power, low duty-cycle load application circuit by 
means of a high performance capacitive charge storage 
device, such as a super-capacitor or a network of super- 
capacitors. The improved power supply system allows 
the high power load application circuit to be driven by a 
limited energy power source, such as a battery or the 
power supplied to a PCMCIA slot by a host computer. 



When the input voltage source is a battery, the improved 
power supply system allows for a substantial Increase in 
the battery's operational life. The inventive system is 
particularly useful for managing power supply require- 
merrts for miniaturized wireless transmission systems, 
such as two-way pagers or radio modems, which 
employ low duty-cyde packet-switched RF transmitters. 
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Description 



BACKGROUND OF THF I NVENTION 

[0001] The present invention is directed toward the field of electrical power supply management circuitry, and in par- 
J^^'l IT^^^crf*^ ^"""'^ ^ low duty-cycle radio frequency ("RF") communication systems, such as digital 
packet-switched RF transmission devices. These types of systems typically include miniaturized low voltage power 
sources, and are characterized by relatively long time intervals between RF transmissions. These systems however 
require that large bursts of power be delivered quickly for transmitter operation. The present invention allows for sub- 
stantial improvements in efficiency and effective battery life for such systems. In a conventional prior art digital RF com- 
munication system, the transmitter circuitry modulates a can-ier signal with a binary signal, producing a transmitted RF 
sequence representing binary ones and zeroes. Under a packet-switched communications protocol, these binary one 
and zero bits are transmitted in discrete blocks ("packets") consisting of address, data, sender Identification and other 
control bits. The packets are not transmitted continuously, but are stored until a packet or group of packets is ready for 
transmission. Thus, the power amplifier fbr a conventional packet-switched transmitter requires high input power only 
for short intervals, with relatively long low power quiescent periods in-between. As a result, the "duty-cyde" of such a 
system, Le„ the percentage of the total cycle time taken by the active transmission time is quite low 
[0002] Despite the low duty-cycle of the system, the power amplifier for a conventional packet-switched transmitter 
produces a very Wgh current load, drawing about 1000 milliamps (mA) or more for one second during transmission In 
prior art technologies, the RF transmitter was often powered directly from a conventional battery; however the high 
power demands of ttie power amplifier imposed severe limitations on the type of battery technology that could be used 
l^uT®"*^^' *=^"*ased batteries typically could not provide sufficient instantaneous power for such a transmitter 
While a conventional alkaline cell could have powered the transmitter, the equivalent resistance of such a cell will dimb 
rapidly as the cell is depleted. This increasing resistance reduces the cun-ent that can be supplied to the transmitter and 
reduces the usable battery life. Ultimately, ttie instantaneous current supplied by an alkaline cell will fall below the power 
amplifier s input power requirements In the prior art. this level of depletion woukJ typically be reached while the batteiy 
still had significant capacity remaining: thus, a user would be required to replace a reasonably fresh battery 
[0003] Alternatively, some prior art packet-switched systems, such as portable RF modems, used internal, single-use 
alkahne cells to charge a rechargeable battery stack. This battery stack in ttjrn supplied the power for the RF transmit- 
ter. These systems were quite inefficient, however, because the battery stack wouW be overcharged storing up far 
more power than that normally needed for sending a short packet-switched message. Also, such power supply drcuitry 
consumed space, was expensive, and was unnecessarily complex. In addition, conventional rechargeable batteries 
such as a Ni-Cd cell stack, have a long charge cycle, sometimes measured in hours, and could wthstand only a limited 
number of charge cydes. perhaps about 300, before such batteries themselves wouW have to be replaced 
^°*?tL^= ®' °* exist that provide high energy storage, but are incompatible with conventional packet- 

switched RF transmission systems because of the high equivalent series resistance ("ESR") of the ceO. For example a 
single-use lithium ceB. such as an UKralife® 9-volt cell (a registered trademark of Ultralife Batteries. Inc. of New York 
NY) has a very high stored energy rating of 9,000 milliwatt hours (mWhrs). as compared with only about 800 mWhrs 
for me typical rechargeable stad^. or about 3000 mWhrs for a typical 9-volt alkaline cell. Unfortunately, a lithium cell has 
an ESR of over 10 ohms, even when new. and can only deliver a peak instantaneous power of about 0 75 watts 
Because the typical RF transmitter requires 5 watts of input power and cannot tolerate an ESR of greater than 2 ohms 
a cell such as the Ultralife® is not a viable power source despite its large storage capacity. 

[OOOS] Similarly, a host conputer auxiliary device power pin would be unsuitable to power a conventional packet- 
switched RF transmitter. Because most host computers can supply only about 0.75 watts to a PCf»/!CIA slot or other 
types of card plug-in modules, such a source of supply could not directly power a typical packet-switched transmitter 
whose power amplifier wouW require 5 watts of instantaneous power. 

[0006] Therefore there remains a need for a power supply system capable of quicWy delivering short burets of high 
power with high efficiency, while remaining small enough for miniaturized RF communication applications 
[0007] There also remains a need for a power supply system capable of powering a tow duty-cyde application requir- 
ing high instantaneous power from a battery, or other stored energy source having limited energy capadty, for substan- 
tial lengths of time. 

[0008] There remains a forttier need for a self-contained, miniaturized, integrated power supply system capable of 
powering a tow duty-cycle application requiring high instantaneous power from a cun-ent-limited source, such as a host 
computer auxiliary device power pin. 

[0009] Finally, there remains a more particular need for a cost effective power supply circuit for a portable. PCMCIA- 
compatible radio modem, or a stand alone two-way pager system, which provides improved battery life or alternately 
allows such a system to be powered directly from a host computer PCMCIA slot. 
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SUMMARY OF THE INVENTION 

(001 0] The present invention is a power supply system which provides a limited energy source (such as a low voltage 
battery stack or a low current computer auxiliary device power connection) to charge a high performance, low resist- 

5 ance capacitive device, which in turn powers a low duty-cycle, high power load circuit (such as a packet-switched radio 
data transmitter). The transmitter's low duty-cycle allows a low power charging source to charge the high performance 
capacitive dievlce sufficiently for periodic high power pulses. The high performance capacitive device provides load-lev- 
eling" (La. an averaging out of the high transient currents drawn by the time varying, high power load), effectively iso- 
lating the input charging source from the large transient currents drawn by the transmitter power amplifier during RF 

10 transmission. 

[0011] A high performance capacitive device In accordance with the present invention should possess high charge 
storage capacity with relatively low ESR in order to meet the input power needs of the typical transmitter power ampli- 
fier. For example, capacitive devices are now available that allow relatively large amounts of electrical energy to be tem- 
porarily stored and retrieved at much higher levels than standard batteries or conventional capacitors would allow. One 
15 class of such devices are specially constructed capacitors with very high storage capabilities referred to as super- 
capacitors. 

[001 2] A super-capacitor will generally have a rating of 1 .0 farad or more of storage capacity, yet will only occupy the 
physical volume of a standard capacitor with only 0.002 farads of capacity. These devices are typically used to provide 
emergency backup power in computing applications, such as for CMOS microprocessors. The component miniaturiza- 

20 tion provided by super-capacitors is important if the power supply system is to be useful for portable RE transmitter 
applications, such as radio modems and two-way pagers. For such units, small size is important; and in particular, it is 
generally desired that the components used in such devices be housed in a package that is at least functionally com- 
patible with the physical form-factor and electrical interface requirements for host computer plug-in auxiliary mocAjles. 
such as PCMCIA Type-2 or other plug-in cards. Furthermore, present manufacturing techniques have produced si^er- 

25 capacitors with relatively low ESR. Such super-capacitors might be used as the high performance capacitive element 
in the inventive system. 

[0013] The load-leveling provided by the inventive power supply system allows sustained RF transmitter operation 
when battery cells are used as the input power source, even as the batteries weaken, and their ESR rises. The efficien- 
cies realized can increase the useful battery life of a product by six times or more. 

30 [001 4] The inventive system also allows an Input power source capable of supplying only limited current to drive a low 
duty-cycle application requiring high Instantaneous power. For example, using this system, a PCMCIA compatible RF 
transmission system may be powered directly from a host computer's PCMCIA slot. In addition, the inventive system 
allows the use of high capacity lithium batteries as the power source despite their high ESR. resulting in even greater 
increases in battery life over other battery technologies. 

35 [001 5] The power supply system described herein also possesses distinct advantages over systems in which a single- 
use battery is used to charge a rechargeable battery stack. The inventive system provides increased battery life of the 
host source by avoiding continuous and inefficient charging of a battery stack. Furthermore, this system reduces the 
charging time from hours to seconds; allows for reductions in unit weight and size; reduces the cost and complexity of 
the power supply circuitry because no battery contacts or complex charging algorithms are required; simplifies the use 

40 and maintenance of the unit, since the user no longer needs to replace an additional internal battery as well as the main 
cells whenever one of these batteries dies; and provides more predictable operation, since the capacitive device can 
always be charged to the same voltage with the addition of a voltage regulator. 

[0016] In addition, when a low resistance super-capadtor is used as the capacitive device, the operational life of a 
unit enploying the inventive system is significantly longer than conventional systems, since these capacitive devices 
45 can survive over 250,000 charge cycles, while a Ni-Cd rechargeable battery can only sun/ive about 300 to 500 charge 
cycles. Furthermore, a power supply system in accordance with fhe present invention would be less expensive, since, 
for example, a typical Ni-Cd stack at present would cost approximately twenty dollars, while a super-capadtor today 
costs only about two dollars. 

[0017] Another aspect of the present invention involves balancing the voltages across individual super-capacitors 
so when multiple super-capacitors connected in series are used as the capacitive device. Such balancing prevents an indi- 
vidual super-capacitor in the series from being driven to a voltage higher than its operational rating as a result of varia- 
tions in leakage current between the capacitors. 

[0018] As will be appredated. the invention is capable of other and different embodiments, and its several details are 
capable of modifications in various respects, all without departing from the spirit of the invention. Accordingly, the draw- 
55 ings and detailed description are to be regarded as illustrative in nature and not restrictive. Indeed, the invention 
described herein is useful for any current-flow restricted power source that is required to supply high currents at a low 
duty-cycle. Conceivably, this system would allow a tiny button cell battery (such as tiiose used in a wrist watch) to power 
a 5-watt transmitter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
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(0019J The present invention satisfies the needs noted above as will become apparent from the following desaiption 
when read in conjunction with the accompanying drawings, wherein. 

FIG. 1 is a simplified electrical schematic diagram of a direct laattery power supply circuit as in the prior art 

FIG. 2 IS a simplified electrical schematic diagram of a system in accortlance with the present invention 

FIG. 3 IS a graph comparing the hours of RF transmitter operation achieved wrth the prior art system of Figure 1 

with those obtained with the system in accordance with the present invention of Figure 2. 

FIG. 4 is a sinpW ied electrical schematic diagram of the preferred embodiment of the present invention 

FIG. 5 IS a more detailed electrical schematic diagram of the prefen-ed embodiment of the present invention 

FIG. 6 IS a simplified electrical schematic diagram of an alternative embodiment of the present invention in which a 

voltage regulator is connected between the high performance capacitive device and the toad application circuit 

rather tfian between the limited energy source and the capacitive device. 

DETAILED DESCRIPTIOM OF THF nRAWII^ rt*^ 

[00201 To appreciate some of the advantages of the Inventive system. Rgures 1. 2, and 3 provide a comparison 
between prior art technology and a simplified power supply system in accorclance with the present invention 
[0021] The circuit of Figure 1 depicts the direct use of battery voltage source 1 to power high power, low duty-cycle 
application circuit 6. as in the prior art. Battery 1 in such a system might be a standard 9-volt Duracell® (a registered 
trademark of Duracell. Inc. of Bethel. Connecticut) MN1304 alkafine battery. The ESR for such a cell starts at about 0 1 
ohm when the eel is new. climbs to about 2 ohms when the battery is at about 80% capacity, and eventually reaches 
approximately 250 ohms when the battery is nearly dead. The high ESR of the battery results in a steep voltage drop 
whenever load application 6 draws high current. Such a condition occurs when an RF transmitter attempts to transmit 
a packet, at which point the power amplifier could draw a transient cun^ent of over l amp. 

[0022] When the load is removed from the alkaline battery at the end of a transmission, the battery cell voltage recov- 
ers somewhat from the drop experienced during transmission. At first, the cell voltage rapidly increases by about 50 mil- 
^volts. after which it continues to rise, but much more gradually Over the course of multiple transmission cycles 
however, the increasing voltage drop resulting from the battery's increasing ESR. in conjunction with the depletion of 
the battery dunng transmission, will become too great and the all^ne cell cannot recover sufficient cell voltage within 
the non-transmitting portion of the cyde to power the next transmission. The battery would then be effectively dead and 
would have to be replaced. 

[0023] Figure 2 depicts a simplified circuit in accordance with the present inventioa although not the prefen-ed embod- 
iment. Source 2 may be any "current-limited" source, i^ a source having a hi^ ESR or a varying ESR. such as a lith- 
o^l*o °'' ^ ^^'^ othenwise can deliver only small currents with low instantaneous power, such as the 
PCMCIA slot of a host computer. High performance capacitive device 5 (denoted C) is the dirert power source for high 
power, low duty-cycle load application 6, which might be a packet-switched RF transmitter, such as that used in a two- 
way paging system. 

[0024] Capacitive device 5 of Figure 2 might be effectively implemented using a network of super-capadtors con- 
nected in senes to provide a capacitance sufficient to drive the power amplifier of an RF transmitter for one transmit 
cyde at the highest expected power-draw. The interrelationships between the voltage required at capacitive device 5 
the ESR of device 5. and the time duration of the load drcuit transmissions may be understood by reference to the fol- 
lowing equations: 



V„p„rii. — + + y^vdis -~ EQUATION l; 

^ei^e Vcapn,in is the minimum voltage to which capacitive device 5 must be charged for transmitter operation; 
Virmin 'S the minimum operating voltage of the transntitter power ampfifier; 

Vdrop is the voltage drop caused by the cun-ent draw of the power amplifier multiplied by the caoacitor's ESR 
Vdrop = 'draw X ESR]; and 

Vcapdis is the voltage change capacitive device 5 will under go from the start of a transmit to the end. 
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[0025] Vcapdis niay be further defined as follows: 



capdis = (Idmw X J/Capacitance - equation 2. 

5 

('draw equals the average current of the load and Tcapdis «s the length of the load pulse.) 

[0026] The equations defining Vcapmin and Vcapdis can be combined and reanranged to provide the following capaci- 
tance relationship: 



Capacitance (C) = Gar.* x J/V, 



capdia> 



C = (Id«. X Te^J/[V^„j„ - - (Ij„, X ESR)] -- EQUATION 

IS 



[0027] Considering the variations in present network protocols, the transmit time for a single packet in a packet- 
20 switched network could range from 20 milliseconds (mS) to 2 seconds depending on the nature of the network and the 
amount of data being sent in a given packet. Also, some conventional power amplifiers operate at voltages ranging from 
3.6 volts at 2 amps to 6 volts at 800mA. Thus, a system in accordance with Figure 2, operating in a network having a 
single packet transmit time of 2 seconds, with the transmitter output driven by a 3.6 volt, 2 anp power amplifier, and with 
a charging voltage of 6.9 volts, would require a capacitance for capacitance device 5 as follows (assuming a nominal 
25 0.3 ohm ESR for device 5): 

C = (2.0 amps x 2 secs)/[6.9 volts • 3.6 volts -(2.0 amps x 0,3 

ohms)]; 

30 

= 1.481 farads (or approximately 1.5 farads). 



35 [0028] Thus, in this example, a device of at least 1 .5 farad capacitance might be used for device 5. and if the design 
is to be more robust, a capacitance of about 3.0 farads or more might be desired. A capacitive module comprising mul- 
tiple super-capacitors connected in series can meet such requirements. 

[0029] Series connection of multiple super-capacitors is preferred in part because the working voltage for a single 
super-capacitor, the voltage above which damage will occur to the super-capacitor), is typically only a few volts. 
40 resulting in insufficient stored voltage to power the average RF transmitter. While connecting super-capacitors in series 
overcomes the limited working voltage of a single super-capacitor, it should be appreciated that high performance 
capacitive device 5 could be Implemented with a single super-capacitor having sufficient capacitance and working volt- 
age ratings. 

[0030] In the circuit of Figure 2, the ESR of capacitive device 5 must be kept low (generally below 2 ohms and pref- 
45 erably below 1 ohm) in order to provide sufficient current at sufficient voltage for transmitter operation. An approach for 
achieving high capacitance with low ESR is by use of a super-capacitor employing an electric double-layer structure 
with an activated cartxin electrode. Such super-capacitors are described in Supercapacitor - Electric Double>Layer 
Cap^ptors , Vol- 2, October 25, 1996 (Japan. Tokin Corporation. Cat. No. EC-200E). Over the past year, manufacturing 
techniques for such super-capacitors have improved sufficiently that devices with ESR' s of less than 1 ohm are com- 
50 mercially available, although the minimum ESR is ultimately limited by the surface resistance between the activated car- 
bon electrodes and the connection leads of the capacitor. Exannples of such super-capacitors would include the Ultra- 
Capacitor manufactured by Maxwell Corporation of San Diego. CA; the Gold-Capadtor (or GoldCap) manufactured by 
Panasonic Corporation of Mississauga. Ontario; and the Aero-Capacltor manufactured by Polystor Corporation of Dub- 
lin. CA. 

55 [0031] Figure 3 compares the hours of operation achieved with the circuit of Figure 1 . represented by graph a. and 
the circuit in accordance with the present invention. Figure 2. represented by graph b. The exenplary application circuit 
for the Figure 3 plot is a packet-switched RF transmitter operating at a duty-cycle of about 1 percent, with power ampli- 
fier load pulses of about 1 .0 second in duration. The 1 percent duty-cycle allows 100 seconds of recharge time. For this 



5 
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comparison, both current-limited source 4 of Figure 2 and battery 1 of Figure 1 are assumed to be conventional 9-volt 
alkaline ceHs equivalent to Duracell® MN1304 cells. Graphs a and b plot the cell voltage of battery 1 of Figure 1 and 
source 4 o Figure 2 respectively at the end of each transmission. As indicated at the top of Figure 3. the transmitter 
power amplifier is drawing 980 mA (approximately 5 to 6 watts) during the transmit pulses. 

[0032] The exemplary transmitter for the Figure 3 comparison cannot operate from an input voltage lower than 5 volts 
(Of course, in practice, transmitter operation might be possible at voltages as low as approximately 3-5 volts deoendina 
on the charactenstics of the particular power amplifier.) Using the exemplary transmitter, the prior art circuit of Figure 1 
only achieves approximately 7 hours of transmitter operation, as shown in the graph a. with the cessation of operation 
corresponding to the point where the voltage of battery 1 drops to 5 volts. 

I0W3] For the inventive circuit of Figure 2. however, the load-leveling provided by high performance capacitive device 
5 effectively isolates current-limited source 4 from the large transient cun-ents drawn by application circuit 6 Thus in 
Figure 2, the energy of source 4 is required only for the relatively slow, and therefore less power consuming chore of 
charging capacitive device 5, resulting in a dramatic increase In the operational life of source 4. 
I<m4] The operational characteristics of the system of Figure 2 are governed by the idealized parameter relationships 
Of Equation 1 Thus, for an exemplary transmitter system drawing 980 mA of cun-ent for 1 .0 second during transmission 
and assuming a 1.0 farad. 0.3 ohm ESR super-capacitor module is used for capacitive device 5. the minimum cell volt- 
age required before transmitting (Lfi.. tfie minimum voltage to which tiie capacitor must be charged before transmission) 
IS calculated from Equation 1 as follows: 



V . = V + V -I- V 

' capmiD '^trmin ^ "drop ~ *e«pdia5 



= + (Id,.w X ESR) + adr.w X T._aJ/C; 



= 5 volts + (980 mA x 0.3 ohm) + (980 mA x 1.0 

sec)/ 1.0 farad; 

= 6.27 volts (or approximately 6.3 volts). 



[0035] As indicated in Figure 3. graph b, the power supply system of Figure 2 will adequately power ttie transmitter 
load circurt until the voltage of capacitive device 5 drops to 5.0 volts or less at the end of a transmission. This is the point 
at which the cell will not be able to supply the 6.3 volts necessary to charge the capacitor for the next transmission within 
the 100 second recharge time. As shown in graph b, this point is not reached until after approximately 45 hours of oper- 
ation; ttius, ttie system of Figure 2 provides an approximate six-fold increase in effective battery life and transmitter 
operation over the system of Figure 1 . 

'^Sure 2. the high ESR of battery 1 is not present at the input of application circuit 6 and is 
replaced by the constant and relatively low ESR of capacitive device 5. High performance capacitive device 5 itself is 
not sensitive to the voltage drop associated with the ESR of source 4. It will therefore continue to charge, although at a 
reduced charging rate, even as ttie alkaline battery serving as voltage source 4 is depleted, and the battery's ESR rises 
to Its maximum. Indeed, even if ttie battery were dead, the voltage of high peribrmance capacitive device S would even- 
tually rise to ttie normal open-circuit voltage of flie cell, which for a 9-volt cell might provide sufficient power for ttie 
fl^^ ti^nsmitter to send a single packet (if ttie cell reached the required 6.3 volts mentioned earlier) 
[0037] Cun-ent-hmited source 4 of Figure 2 may be a source incapable of supplying sufficient instantaneous current 
to power an RF transmitter directly. The low duty-cycle of application circuit 6. which in the exenplary application of Fig- 
ure 3 IS 1 %. allows capacitive device 5 to charge sufficientty to supply ttie power required by application circuit 6 even 
If capacitive device 5 is charged by a low current, low power source. For example, if an UltraWe® battery is used as 
source 4. ttie battery's high energy storage capacity would provide over 1 40 hours of operational time for the exemplary 
RF trananrtter of Figure 3. an inaease of approximately 2000% over standard alkaline cells operating wittiout use of a 
high performance capacitive device such as a super-capacitor. 

[0038] Where load application 6 is an RF transmitter, the duty-cycle of load 6 may be defined as follows- 
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duty-cycle (%) = T^, / (T,, + T^,^ - equation 4; 



Where Ttr is the time duration of a transmission, and 

Tqst is the time duration of the succeeding transmitter quiescent period (Le^ the non-transmitting interval) within an 
operational cycle. 

[0039] In the context of the present invention, a "low" duty-cycle would typically exist where Tqst exceeds T^ by an 
order of magnitude of more. With some systems it may be possible to dynamically adjust the transmitter's operating 
characteristics to account for differing network coverage envelope conditions and power requirements, perhaps allow- 
ing for operation at duty-cycles in the range of 50% to 75% for short intervals. Such a dynamically-controlled transmitter 
would still be an appropriate candidate for meeting the requirements of load application 6 so long as the average sys- 
tem duty cycle remains in the range of approximately 10% or less. 

[0040] As a potential alternative to using a battery cell or cell stack, one might wish to power a miniaturized RF trans- 
mitter from the PCMCIA slot or other auxiliary port of a host computer. Altiiough most host computers can supply only 
about 0.75 watts to the PCMCIA slot, a low energy, low current source such as this may effectively serve as source 4 
in the circuit of Figure 2. Using the circuit of Figure 2, a radio modem requiring five watts of power in short pulses may 
be powered from a PCMCIA slot having the typical maximum current of only 150 mA. 

[0041] While illustrative of the invention, the circuit of Figure 2 does not regulate the voltage across high performance 
capadtive device 5. Without adding some form of "step-up" regulation, tiie circuit of Figure 2 would not support trans- 
mitter operation from an initial input voltage that is less than that required at capacitive device 5. as per Equation 1 (i.e. . 
a "low" voltage input could not serve as source 4 because such a source would not charge capadtive device 5 suffi- 
ciently). On the other hand, if a "high" voltage source is used as source 4. lack of voltage regulation would require use 
of super-capacitors having a high working voltage rating, and the use of RF transmission circuitry capable of withstand- 
ing voltages varying from 10 volts down to 5 volts, depending on the state of charge of the super-capacitors. 
[0042] Figure 4 depicts the preferred embodiment of the present invention, which incorporates voltage regulator 3 
connected between "limited energy" source 2 and high performance capacitive device 5. Voltage regulator 3 insures 
that capadtive device 5 is always charged to a relatively constant voltage witiiin its working voltage range regardless of 
the voltage of source 2. Furthermore, tiiis embodiment avoids forcing the RF transmitter power amplifier to operate at 
the widely varying voltages that could be present at source 2 as it discharges, given the different battery technologies 
that might be used. 

[0043] Because of the addition of voltage regulation in Figure 4, limited energy source 2 may comprise a "voltage- 
limited" source, a source capable of stpplying only low voltages, particularly, voltages below that required to directly 
charge the capacitive device in accordance with Equation 1 . Source 2 of Rgure 4 may also conprise a "current-limited" 
source, such as source 4 of Figure 2. "Voltage-limited" and "current-limited" sources are collectively designated herein 
as "limited energy sources." 

[0044] Voltage regulator 3 may be of any constiruction such as would be known to those of ordinary skill in the art. 
Such regulators (or converters) would indude the following devices: "step-up" regulators (such as a Boost converter); 
"step-down" regulators (such as a linear regulator or a Buck converter); "step-up/step-down ' regulators (such as a 
Buck/Boost converter, a SEPIC converter, or a Zeta converter); and "inverting" regulators (such as a 'Cuk converter). 
The type of regulator employed would depend on the voltage characteristics of the circuit. For example, a step-down 
regulator would be appropriate if the voltage supplied by source 2 remained typically above the working voltage rating 
of capacitive device 5, as might be the case where source 2 is a "high" voltage source Lfi^ a source whose voltage is 
typically higher than the voltage desired for direct input to the power amplifier, such as a high voltage solar cell array or 
an Ultralife® lithium cell. A step-up regulator would be used where the input voltage is always less than the desired for 
capacitive device 5. This would include a single alkaline cell (1 .5 volts) or a 3.3 volt digital supply. 
[0045] Step-up/down converters are used where the input voltage may be higher or lower than the desired transmitter 
input voltage. This would be the case when the system is designed to operate from widely varying sources of supply. 
For example, a system designed to accept a 9-volt IEC-6LR61 package could encounter initial input voltages as high 
as 12 volts from a brand new Ultralife® cell, or as low as 5.4 vdts from an almost dead Ni-Cd or alkaline cell. Thus, if 
the target transmitter input voltage were 6.8 volts, it would be useful to use a step-up/step-down converter. 
[0046] Figure 5 depicts a more detailed Implementation of the preferred embodiment It incorporates a step-up/step- 
down vdtage regulation scheme, allowing the system to accept both low voltage and high voltage initial inputs. In Figure 
5. battery 10 is the limited energy source analogous to element 2 of Figure 4. The combination of transistors 1 1 and 12 



EP0 902 547 A2 



provide reverse battery protection in the event that the user Improperly inserts the battery into the unit. Battery 10 may 
be either a single cell or a multi-cell stack, including AA cells. AAA cells, a 9-volt alkaline cell stack, Ni-Cd cells, lithium 
cells, carbon-based cells, or any other battery technology. Alternatively, battery 10 may be removed from the system 
and replaced by the input power connection of a host computer auxiliary device part (such as a PCMCIA slot) a solar 
cell array, or a single solar cell. 

[0047] For the embodiment of Figure 5. voltage regulation is preferably provided by the combination of an LT1307 
step-up switching regulator 15 (from Linear Technology Corp. of Milpltas. CA). Schottky diode 16. and a linear regulator 
made up of a comparator circuit (built Into the LT1307) and FET 17. These elements form a step-up/step-down con- 
verter which Implements voltage regulator 3 of Figure 4. In this configuration, if the voltage of battery 10 is between 5 
volts and 6.8 volts, such as in the case of a discharged Ni-Cd cell stack, switching regulator 15 boosts it to approxi- 
mately 6.8 volts. If the input from battery 1 0 is from 6.8 to 12.5 volts, such as with a fresh Ni-Cd or lithium cell, the linear 
regulator component provides over-voltage protection. hoWing the output level at approximately 6,8 volts. The "step- 
down'* component of the regulator could be implemented using a SEPIC or a ZETA converter instead of the linear reg- 
ulator of this embodiment. 

[0048] In Figure 5, the output of the voltage regulation circuit formed by elements 1 5. 1 6, and 1 7 is connected directly 
to the stper-capacitor network formed by super-capacitors 20, 21. and 22. The working voltage rating of one of these 
super-capacitors is only about 2.3 to 2.4 volts; but. connected in series, these super-capacltors are driven to produce a 
substantially constant voltage having a value within the range of approximately 6.7 volts to approximately 7.0 volts when 
the super-capacitors are fully charged. During the transmiVquiescent cycle, the voltage aaoss the super-capacitors 
eventually drops to the minimum operating voltage of circuit 40. which could be approximately 5 voKs. approximately 
3.5 volts, etc.. depending on the operating characteristics of transmitter power amplifier 41 . In the exemplary embodi- 
ment, the power supply system would accept an initial Input vottage from source 10 of 5 to 12 volts and nevertheless 
produce an voltage output which remains within the range of 6.8 volts to 5 volts. The components of RF application cir- 
cuit 40. therefore, need only accommodate input voltages within this voltage range. 

[0049] While series connection of super-capacitors 20. 21 . and 22 overcomes the general working voltage limitation, 
leakage current and component variations between the capacitors can lead to a voltage imbalance across the individual 
capacitors. Such a voltage imbalance can result in one or more of the capacitors in the stack operating at a voltage that 
exceeds the working voltage of that capacitor. Placing resistors in parallel with the super-capacitors would avoid this 
problem: however, if resistors alone were used, the circuit would have a high standby current which would ultimately 
decrease the life of battery 10. 

[0050] In Figure 5. a technique known as "active cell balancing'' is employed, allowing the circuit to operate with nearly 
zero standby cun-ent. The active cell balancing circuit consists of resistors 52 through 54. which form a resistor divider 
circuit, low power operational amplifiers 60 and 61 . which are configured as voltage followers, and resistors 50 and 51 . 
which limit current flow from the operational amplifiers to the minimum values required to maintain voltage balance 
among the cells. In Figure 5. the resistor divider determines the required cell voltages, and the voltage followers force 
the capacitors to track ttie resistor voltages regardless of the leakage current. This circuitry ensures that each capacitor 
takes an equal voltage share. Use of the voltage followers allows resistors 52 to 54 to be three orders of magnitude 
greater in resistance ttian they would be in an ail resistive cell balancing scheme without operational amplifiers 60 and 
61. Thus, this configuration would reduce the leakage current by three orders of magnitude over resistor-only cell bal- 
ancing. The combination of super-capacitors 20. 21 and 22. resistors 50. 51 . 52. 53 and 54. and operational amplifiers 
60 and 61 comprise a network which corresponds to high performance capacitive device 5 of Figure 4. 
[0051] In Figure 5. power amplifier 41 for RF transmitter 40 is a very high-current load, drawing approximately 1000 
mA or more during transmissions. It is connected directly to the super-capacitor network. In this embodiment, power 
amplifier 41 should be selected to operate over the 6.8 to 5 volt voltage range previously mentioned, since at the begin- 
ning of a long transmission the voltage supplied to it by the super-capacitor network will be about 6.8 volts, but will grad- 
ually decrease as the super-capadtors discharge. 

[0052] An alternative embodiment of the circuit of Figure 4 is depicted in Figure 6. The difference between these 
embodiments is that in Figure 6. the voltage regulator 3 is connected between capacitive device 5 and application circuit 
6. In this circuit, source 2 would typically be a voltage-limited (or low voltage) source. This allows a single super-capac- 
itor having a very high capacitance rating to be used as device 5 instead of several super-capacitors in series connec- 
tion. In this embodiment, load-leveling is achieved by storing the same amount of energy as in the other eni^odiments 
disclosed, but the storage is done at a lower voltage. Load application circuit 6 (e^ an RF transmitter) is then run 
directly from regulator 3. which in this case would be a step-up switching regulator operating from the output of the 
super-capacitors. With this embodiment, however, switching regulator 3 is required to handle very high currents, and 
consequently its components will be quite large physically For example, it wouW be expected that a 1 .2 volt source such 
as a Ni-Cd AA battery powering a 1000 mA. 6.8 volt load would require the voltage regulator to operate at over 7 amps 
on its input. While such an embodiment would function, it would not be optimal for applications in which component min- 
iaturization and reduced power dissipation concerns are paramount. 
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[0053] Having described in detail the preferred embodiment of the present invention, including its preferred modes of 
operation, it is to be understood that this operation could be carried out with different el ements and steps. This preferred 
embodiment is presented only by way of example and is not meant to limit the scope of the present invention which is 
defined by the following claims. 

Claims 

1 . A power management system comprising: 

a low duty-cycle, high power load circuit: 

at least one capacitive device, electrically connected to the load circuit, that provides primary electrical power 
to the load circuit; and 

a limited energy source, electrically connected to the capacitive device, that provides a source of electrical 
charge for the capacitive device. 

2. The system of claim 1 , wherein the capacitive device comprises at least one super-capacitor. 

3. The system of claim 2, wherein the capacitive device comprises plural super-capacitors connected in series. 

4. The system of claim 3, further comprising a voltage balancing circuit that maintains an equalized voltage across 
each super-capacitor. 

5. The system of claim 4, wherein the voltage balancing circuit comprises: 

plural operational amplifiers connected as voltage followers and electrically connected with a resistor divider 
network, wherein the voltage followers and the resistor divider network are electrically connected to the super- 
capacitors so that the voltage across each super-capacitor is forced to the value of the resultant voltage of the 
resistor divider network. /- 

6. The system of claim 1 . wherein the limited energy source is at least one battery cell. 

7. The system of claim 1 , wherein the limited energy source is a power connection for a host computer auxiliary device 
port. 

8. The system of claim 1 , wherein the limited energy source is a photo-voltaic device. 

9. The system of claim 8. wherein the photo-voltaic device is a solar cell array comprising at least one solar cell. 

10. The system of claim 1. wherein the duty-cycle of the load circuit does not exceed an average value of 10 percent. 

11. The system of claim 10, wherein the duty-cycle of the load circuit may be a value in the range between and includ- 
ing 10% and 75% for limited intervals. 

1 2. The system of claim 1 , wherein the load circuit requires input power greater than 1 watt during operation. 

1 3. The system of claim 1 , wherein the load circuit requires input power greater than I watt for 20 mS to 2 seconds dur- 
ing operation. 

1 4. The system of claim 6, wherein the load circuit, the capacitive device, and the battery are enclosed in a single hous- 
ing that is physically and electrically compatible with a host personal computer auxiliary device port. 

15. The system of claim 14, wherein the housing is PCMCIA compatible. 

16. The system of claim 1 . wherein the load circuit is a packet-switched radio- frequency transmitter. 

17. The system of claim 1 further comprising: 

a voltage regulation device electrically connected to the capacitive device for regulating the voltage input to the 
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capa^e device to produce a substantially constant voltage across the capacitive device at the point of full 

6''7'^£raS^s:;i^tew^^^^^ 

19. The system of claim 1 7. wherein the voltage regulation device comprises a switching regulator. 

20. The system of claim 19. wherein the switching regulator is a step-up converter 

21. The system of claim 19. wherein the switching regulator is a step-up/ step-down converter. 

22. The system of claim 19. wherein the switching regulator Is a step-down converter. 

IS 23. The system of claim 1 7 wherein the voltage regulation device comprises a linear regulator. 

rSneirJt^utetof ' "^''^^^ '^•^'"^ * '^"'^''"9 ^^9"'^*°^ combination with 

20 25. A circuit for supplying electrical power to a packet-switched. RF transmitter comprising: 

^f^'^r^''^''""' '"^"^"^ ^ "'"'^"^y °* super-capacitors, electrically connected to the transmitter 

that provides pnmary electrical power for the transmitter- and u-nsminer. 

frilj^^Tfer tST^' ^^''"t"' *° super-capacitor network, that provides a source of elec 

■2* n^'ca'chafge for the sifl3er-capacitor network. 

26. The circuit of claim 25. wherein the limited energy source is at least one battery cell. 

28. The circuit of daim 25. wherein the super-capacitors are connected in series. 

35 TsTnate ^lln^th^f ' *|:^«'" transmitter, the super-capacitor network, and the battery cells are enclosed in 
35 a smgle housing that is physically and electrically compatible with a host personal computer auxiliary devS^ri 

30. The circuit of daim 29. wherein said housing is PCMCIA conpatible. 

31 . The circuit of daim 25 further comprising : 

S^SLTn^e^^f"^ "'^ super-capacitor network that regulates the voltage 

45 I^niTr"4uLt^"' ' ""^""^^ ^ ^"'^^'"S '^""^^ combination with 

33- An RF data transmission system comprising: 

^^^^^^-^''^.^'S^^I'V r^du'ated data, the transmitter having an active transmisston time 
interval T, and a quiescent time interval T2. where Tz is substantially larger than T, • 

ter ^Per-capacitor. electrically connected to the transmitter, that supplies iriput power to the transmit- 

a limited energy source, electrically connected to the sifjer-capacitor. that charges the super-capacitor. 

55 34. The transmission system of daim 33. wherein Tg is greater than Ti 
by at least one order of magnitude. 

35. A miniaturized packed-switched RF transmission system comprising: 
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an RF transmrtter, having output circuitry and a power amplifier that drives the output circuitry, for producing 
RF transmissions at a low duty-cycle; 

a high capacity, low resistance capadtive device electrically connected to the power amplifier for supplying 
power to the power amplifier during transmission; and 
5 a limited energy source electrically connected to the capacitive device for charging the capacitive device. 

36. A method of supplying power to a high power load application circuit comprising the steps of: 

operating the load application circuit at a low duty-cycle; 
10 supplying irput power to the toad application circuit from a high capacity capacitive device: and 

charging the capacitive device from the voltage supplied by a limited energy source. 

37. The method of claim 36 further comprising the step of regulating the voltage supplied by the limited energy source 
such that the capacitive device is charged to a substantially constant voltage level at the point of full charge. 

IS 

38. A system for supplying electrical power comprising: 

a low duty-cycle, high power load circuit; 

capacitive means for providing primary input electrical power to the load circuit at high current; and 
20 a means for providing electrical charge to the capacitive means. 

39. A power supply circuit for use with an RF transmitter that transmits periodic high-power pulses of information, com- 
prising: 

25 at least one super-capacitor for supplying high current pulses of energy to the transmitter; and 

means for charging the super-capacitor. 
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power supply system allows for a substantial increase 
in the battery's operational life. The Inventive system is 
particularly useful for managing power supply require- 
ments for miniaturized wireless transmission systems, 
such as two-way pagers or radio modems, which em- 
ploy low duty-cycle packet-switched RF transmitters. 




EP 0 902 547 A3 



European Pstent 
Office 



EUROPEAN SEARCH REPORT 



ApirficatkMiNumbM 
EP 9B 11 7379 



DOCUMENTS CONSIDERED TO BE RELEVANT 



CalngoTy 



Citation oH document with iitdicaiion. where appropriate, 
0* relevant passages 



Ralevanf 
to daifw 



CLASSmCATION OFTHE 
APPIICATPW Onta^) 



X 

A 

X 
A 



US 5 187 640 A (MEFROICA MICHAEL P ET AL) 
16 February 1993 (1993-02-16) 



* column 5. line 15 - column 6, line 30; 
figures 2-4 * 



US 5 587 250 A (MORE GEORGINA ET AL) 
24 December 1996 (1996-12-24) 



* column 3, line 39 - colunin 5, line 27; 
figures 1,3 * 



US 5 591 212 A (KEIIIEL JOHN G) 
7 January 1997 (1997-01-07) 

* column 4, line 25 - line 49 * 



US 5 229 649 A (NIELSEN WYN Y ET AL) 
20 July 1993 (1993-07-20) 

* column 14, line 33 - line 60; figure 4B 

WO 94 29968 A (MITSUI COMTEK CORP) 
22 December 1994 (1994-12-22) 

* abstract; figure 4 * 



The present search report has been drawn up for all daims 



THE HASJE 



Oai* of Qcwitfitetm of lt)» Man 

27 April 2001 



1-3,6, 
10-13, 
16,25, 
26,28, 
33-36, 
38,39 
4,5,7-9, 
14,15, 
17-24, 
27, 
29-32,37 

1,2,6, 
10-13, 
16, 

33-36, 
33,39 
3-5,7-9 
14. 

17-32,37 



H04B1/06 
H04B1/56 
H04B1/38 
H02J7/00 



1,6,10, 

17-20, 

36-38 

2.3.12, 

21,22 

1-4,8,9 



1,6,14 
15,29,30 



TECHNICAL FIELDS 
SEARCHED (M.Ct.6^ 



H04B 
H02J 



CATEGORY OFCrrCD DOCUMCNiTB 

X ; particjitarfy retevart « taker alonB 

Y : particularly refevant if ojn -binec wlh arioitier 

documcTiT c# ttie samo category 
A : tecnnologtcal backgrouncJ 
O : ron-wf!nen d;«ctosur» 
P : intermediate document 



Andersen, J.G. 



T : Ihecay or principle unctenyir^ the invenlion 
E : «aHler palont docRJfrwrt. but aubti^vtc on, or 

atier me «iling date 
0 : docLifnent cited !n appiicafiu i 
L : document sited for ottier reasons 



ft : member oi the same patent tftmHy. conessonding 
document 



2 



EP 0 902 547 A3 



ANNEX TO THE EUROPEAN SEARCH REPORT 

ON EUROPEAN PATENT APPUCATION NO. EP 98 11 7379 



This annex fists ttie patent family members relating to the patent documents cited In the at»ve-fnentioned European search report. ■ 
The memtwrs are as contained in the European Patent Office EOP file on 

The European Patent OfNce is In no way liable for these particulars which are merely ghMin tot the purpose of Intcnmatlor. 

27-04-2001 







Pubtk 


jatkm 




Patent fannily 




Pi iM»*^inn 

r^uuiicaiiun 


cited in search report 




da 


le 




frember(s> 




date 


US 5137640 


A 


16-02- 


■1993 


CA 


2070178 A.C 


13-04-1992 










OE 


4192542 


T 


08-10-1992 










GB 


2255231 A,B 


28-10-1992 










HK 


67197 


A 


30-05-1997 










WO 


9207371 


A 


30-04-1992 










US 


5121288 A 


09-06-1992 


US 5537250 


A 


24-12- 


1996 


CN 


1198257 


A 


04-11-1998 










CP 

t r 


0858679 


A 


ly— uo— lyyo 










JP 


11512866 


T 


02-11-1999 










WO 


9712415 


A 


03-04-1997 


US 5591212 


A 


07-01- 


1997 


NONE 








US 5229649 


A 


20-07- 


1993 


AT 


117470 


T 


15-02-1995 










AU 


4831690 


A 


14-05-1990 










CA 


2000140 


A 


04-04-1990 










DE 


68920746 


D 


02-03-1995 










DE 


68920746 


T 


22-06-1995 










E? 


0433400 


A 


26-06-1991 










JP 


4501200 


T 


27-02-1992 










WO 


9004871 


A 


03-05-1990 










US 


5661349 


A 


26-08-1997 










us 


5124942 


A 


23-06-1992 










us 


5187797 


A 


16-02-1993 










US 


5251153 


A 


05-10-1993 


WO 9429958 


A 


22-12- 


1994 


AU 


7095294 


A 


03-01-1995 





ui For more details about this annex : see Official JsurnaJ of the European Patent Offico, Mo. 12/82 



\ 



HIS PAGE BLANK 



(nmo) 



